ABSTRACT: A series of push−pull BODIPYs bearing multiple electron-donating and electron-acceptor groups were synthesized regioselectively from 2,3,5,6,8-pentachloro-BODIPY, and characterized by NMR spectroscopy, HRMS, and X-ray crystallography. The influence of the push−pull substituents on the spectroscopic and electrochemical properties of BODIPYs was investigated. Bathochromic shifts were observed for both absorbance (up to 37 nm) and emission (up to 60 nm) in different solvents upon introduction of the push−pull moieties. DFT calculations, consistent with the spectroscopic and cyclic voltammetry studies, show decreased HOMO− LUMO energy gaps upon the installation of the push−pull moieties. BODIPY 7 bearing thienyl groups on the 2 and 6 positions showed the largest λ max for both absorption (635−653 nm) and emission (706−707 nm), but also the lowest fluorescence quantum yields. All BODIPYs were nontoxic in the dark (IC 50 > 200 μM) and showed low phototoxicity (IC 50 > 100 μM, 1.5 J/ cm 2 ) toward human HEp2 cells. Despite the relatively low fluorescence quantum yields, the push−pull BODIPYS were effective for cell imaging, readily accumulating within cells and localizing mainly in the ER and Golgi. Our structure−property studies can guide future design of functionalized BODIPYs for various applications, including bioimaging and in dye-sensitized solar cells.
■ INTRODUCTION
Push−pull chromophores bearing electron-donor (D) and electron-acceptor (A) groups attached to a π spacer (D−π−A) have been the subject of research interest due to their wide applications in organic light-emitting devices, 1 two-photon dyes, 2 and dye-sensitized solar cells. 3 Among these, porphyrins and phthalocyanines bearing both D and A groups have attracted particular interest in recent decades, as these systems are promising components in dye-sensitized solar cells. 3b,4 Recently, boron dipyrromethenes (BODIPYs) have emerged as π spacers of interest, due to their excellent optical and electrochemical properties that enable their application in various fields, including in biological labeling, drug delivery, sensing, bioimaging, theranostics, and in the field of photovoltaics. 5 BODIPYs are strong UV−Vis absorbing dyes and usually emit sharp fluorescence with high fluorescence quantum yields. BODIPYs are also relatively stable in a physiological environment, and display high thermal and photochemical stabilities. In addition, BODIPYs have high structural tunability, which allows manipulation of their physicochemical properties, such as fluorescence quantum yield, water solubility, and redox potential.
The BODIPY core is itself electron deficient (pull), therefore the installation of electron-donating (push) groups onto the BODIPY core provides a push−pull effect within the molecule. 6 In recent years, electron-withdrawing groups (pull) have also been introduced onto the BODIPY core to further enhance the pull effect; however, the design, characterization, and investigation of BODIPYs bearing both push and pull substituents is so far limited. To date, the push−pull effect has been investigated on three BODIPY platforms of types I, II, and III ( Figure 1 ) bearing both electron−donor (D) and acceptor (A) moieties. 7 In addition, the investigation of push− pull effects on aza-BODIPY platforms has been reported. 8 The attachment of push and pull moieties to the BODIPY platform can have a dramatic effect on the spectroscopic and electrochemical properties of the molecules. 8b,9 For example, the presence of an electron-donating group (e.g., 4-aminophenyl) and an electron-withdrawing group (e.g., 4-methoxycarbonylphenyl) on the BODIPY platform can greatly enhance the charge transfer within the molecule, for potential applications in dye-sensitized solar cells, 7, 10 and two-photon excitation dyes.
2a, 11 These push−pull effects can also significantly red-shift the absorption and emission spectra of BODIPYs to the near-infrared region, therefore making them attractive for biological imaging and biosensing applications. For example, a 66 nm bathochromic shift was induced via the introduction of an electron-withdrawing cyano group (−CN) and an electron-donating methoxy group (−OMe) to the parapositions of the 1,7-phenyl and 3,5-phenyl rings of the corresponding tetraphenyl-aza-BODIPY, respectively. The reported DFT electronic structure calculations of a model unsubstituted BODIPY shows large molecular orbital coefficient of the HOMO at the 3,5-positions and large molecular orbital coefficient of the LUMO at the 8-position. 12 Therefore, the introduction of electron-donating group(s) at the 3,5-positions and electron-withdrawing group at the 8-position of BODIPYs, as shown in platform II, is expected to have the largest impact on both the spectroscopic and electrochemical properties of this type of dye, by changing the characteristics of the HOMO and LUMO (e.g., lower the energy gaps between HOMO and LUMO).
Herein, we report the design and synthesis of three new push−pull BODIPY platforms ( Figure 1 , platforms IV, V, VI) bearing multiple push−pull moieties, consisting of 2−4 electron-donor groups and 1−2 electron acceptor(s). The seven new BODIPYs were prepared regioselectively from the same precursor, 2,3,5,6,8-pentachloro-BODIPY (1), using Pd(0)-catalyzed Stille and Suzuki cross-coupling reactions with commercially available reagents. All platforms feature an electron-withdrawing group at the 8-position and electrondonating groups at the 3 and 5 positions. In addition, since the introduction of electron-rich thienyl groups, particularly at the 2 and 6 positions, induces large bathochromic and Stokes shifts Scheme 1. Synthetic Routes to BODIPYs 2−4, 5a, 5b, 6a, and 6b a a BODIPY numbering system is given in the structure of 1.
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Article on BODIPYs, 13 two thienyl donors were also installed at the 2 and 6 positions, to give platform V (Figure 1 ). In order to further investigate the effects of push−pull groups at the 2,6-positions on the spectroscopic and electrochemical properties of BODIPYs, an additional set of push−pull moieties was regioselectively introduced at the 2 and 6 positions to give platform VI (Figure 1 ). Cyclic voltammetry and DFT calculations were conducted on all the BODIPYs, and a systematic comparison of these platforms with two model BODIPYs (3,5,8-triphenyl-and 2,3,5,6,8-pentaphenyl-BODI-PY) was performed to evaluate the influence of the push−pull effect on their spectroscopic and electrochemical properties.
■ RESULTS AND DISCUSSION
Synthesis. BODIPYs 2, 3, 4, 6a, 6b, 7, and 8 were synthesized by Suzuki or Stille cross-coupling reactions from the same precursor in moderate to good yields, as shown in Schemes 1 and 2. The starting 2,3,5,6,8-pentachloro-BODIPY 1 was prepared from 8-chloro-BODIPY, as previously reported. 13a Based on the known regioselectivity of the pentachloro-BODIPY (reactivity order: 8-Cl > 3,5-Cl > 2,6-Cl), 13a different functional groups can be introduced at the BODIPY periphery allowing for the design of various push−pull BODIPYs through versatile Pd(0)-catalyzed cross-coupling reactions. Furthermore, the unsubstituted 1,7-positions of BODIPY 1 are Scheme 2. Synthetic Routes to BODIPYs 7 and 8 Figure 2 . Crystal structures of BODIPYs 2, 4, 5a, 6a, 6b, 7, and 8 with 50% ellipsoids. Only one orientation is shown for disordered regions in 7 and 8.
expected to favor relatively small dihedral angles between the substituents and the BODIPY core, potentially leading to increased electronic interactions. In this study, 2-(tributylstannyl)thiophene and/or 4-methoxyphenyl boronic acid were chosen as the electron-donating sources, and 4-benzyloxycarbonylphenyl or 4-cyanophenyl boronic acid were chosen as the electron-withdrawing species to confer the BODIPYs' push− pull characteristics. Two electron−donor groups were introduced at the 3,5-positions (largest molecular orbital coefficient of the HOMO) and one electron−acceptor group was introduced at the 8-position (largest molecular orbital coefficient of the LUMO) of all BODIPY platforms, e.g., platform IV; in addition, two electron donors (platform V) or one donor and one acceptor (platform VI) were introduced at the 2,6-positions. The 4-benzyloxycarbonylphenyl boronic acid, prepared by adapting a reported procedure, 14 has the additional advantage of providing functionalization for subsequent conjugation with biomolecules upon debenzylation. BODIPYs 2 and 4 bearing unsubstituted phenyl groups, were also synthesized as model compounds for comparison purposes, using tributylphenylstannane and 3 mol% of Pd(PPh 3 ) 4 or Pd(PCy 3 )G2 in refluxing toluene, 34 giving yields of 61 and 41%, respectively (Scheme 1).
The reaction of 2,3,5,6,8-pentachloro-BODIPY 1 with 2.5 equiv of 4-benzyloxycarbonylphenyl or with 10 equiv of 4-cyanophenyl boronic acid, in the presence of 3 mol% of Pd(PPh 3 ) 4 and 1 M Na 2 CO 3 (aq) in refluxing toluene, regioselectively produced BODIPYs 5a and 5b in 70 and 50% yields, respectively. Subsequently, BODIPYs 5a and 5b were treated with 3 equiv of 4-methoxyphenyl boronic acid under similar conditions to regioselectively produce 6a and 6b (platform IV) in 60 and 66% yields, respectively (Scheme 1). BODIPYs 7 (platform V) and 8 (platform VI) were prepared from 6b, using a single Stille reaction, or a two-step Suzuki cross-coupling reaction, in 55 and 54% overall yields, respectively (Scheme 2). Compared with the Pd(PPh 3 ) 4 catalyst, Pd(PCy 3 )G2 greatly increased the yield of the crosscoupling reactions at the 2,6-positions, due to the more reactive complex formed by the bulkier ligands of the Pd(PCy 3 )G2 catalyst.
13a, 15 For comparison purposes, BODIPY 3 was also prepared from 2 using 2-(tributylstannyl)thiophene and Pd(PCy 3 )G2 in refluxing toluene, in 62% yield. The structures of the new BODIPYs were confirmed by 1 H, 13 C, and 11 B NMR spectroscopy, and by HRMS (see Supporting Information, Figures S1−27).
X-ray Crystallography. The X-ray crystal structures for BODIPYs 2, 4, 5a, 6a, 6b, 7, and 8 were obtained and are shown in Figure 2 . In these structures, the dihedral angles between the 8-aryl substituent and the 12-atom BODIPY core were found to be 62.0, 59.4, 49.7, 56.6, 63.7, 54.1, and 60.7°for 2, 4, 5a, 6a, 6b, 7, and 8, respectively ( Figure S28 ). In the absence of 1,7-substituents, the dihedral angles are significantly smaller (by about 30°) compared with 1,7-substituted BODIPYs (for example in 1,7-dimethyl-BODIPYs) in which the 8-substituent is almost perpendicular with the BODIPY core.
13c, 16 This decrease in dihedral angle could lead to better conjugation and electronic communication between the 8-aryl substituent and the BODIPY core, therefore enhancing the push−pull effect. The dihedral angles between the 3,5-aryl substituents and the BODIPY core are also in the range of 45− 65°for all the compounds, except for BODIPY 7, which shows dihedral angles of 70.3 and 86.1°( Figure S32 ), due to the presence of the 2,6-thienyl groups. On the other hand, the dihedral angles between the 2,6-substituents in BODIPYs 4, 7, and 8 and the 12-atom core are somewhat smaller, in the range of 6−44°, particularly for BODIPY 7 with thiophene groups on the 2,6-positions (dihedral angles 6.0 and 27.5°, Figure S29 − 31). These results suggest that the push−pull moieties on the 2,6-positions as in the case of platform VI could lead to enhanced electronic interactions. 20 and methylene blue (0.03 in methanol) 20 were used as standards for BODIPYs 2, 6a, 6b, 4, and 3, 7, 8, respectively. The error associated with the fluorescence quantum yield determination is 0.02.
In compounds 4, 7, and 8 bearing 2,6-substituents, the C 9 N 2 B BODIPY cores are fairly planar, with mean deviations from coplanarity of 0.040, 0.035, and 0.053 Å, respectively. In the compounds having chlorine at the 2,6-positions, the cores are less planar, the central six-membered C 3 N 2 B ring having a slight envelope conformation with boron at the flap position. The B atom lies 0.17, 0.14, 0.15 (mean of two), and 0.23 Å out of the plane of the other five atoms for 2, 5a, 6a, and 6b, respectively. The C−Cl bond distances in these BODIPYs are in the 1.681(2) to 1.758(8) Å range.
Spectroscopic Properties. The spectroscopic properties of the push−pull BODIPYs were evaluated in three solvents, in increasing order of polarity: toluene, THF, and acetonitrile, and the results are summarized in Table 1 cm −1 . Weaker and broader absorption bands centered at around 400 nm were observed at higher energy, which are attributed to S 0 -S n (n ≥ 2) transitions of the BODIPY moiety.
9a, 12 In addition, π−π* transitions at 230−320 nm were also observed for all BODIPYs. 9a In comparison with the model 3,5,8-triphenyl-BODIPY 2, compounds 6a and 6b bearing electron-donor (-OMe) groups at the para-position of the 3,5-phenyls and an electron-acceptor group (−CO 2 Bn or −CN) at the para-position of the 8-phenyl group exhibited 25−37 nm and 40−48 nm bathochromic shifts in the absorption and emission bands, respectively ( Figure 3 ). An enhanced pull effect in the case of BODIPY 6b was observed, as this compound displays larger red-shifts for both the absorbance and emission bands compared with 6a. Since the CN group (Hammett parameter σ p = 0.66) 17 is more electron-withdrawing than the CO 2 Bn group (Hammett parameter σ p = 0.56), 17 these parameters are helpful in predicting push−pull In all solvents, push−pull BODIPY 7, bearing two thienyl groups at the 2 and 6 positions, shows the longest λ max for absorption (635−653 nm) and emission (706−707 nm), and the largest Stokes shift (54−71 nm) of all BODIPYs in the three solvents. These results are consistent with previous studies showing that the thienyl groups, especially at the 2,6-positions, induce large bathochromic shifts in the absorption and emission bands, and enhanced Stokes shifts on BODIPYs.
13a,c, 16 The larger Stokes shifts are presumably due to the geometry difference between the S 0 and S 1 states upon excitation, resulting in increased geometry relaxation. 16, 21 In comparison with 3, BODIPY 7 shows bathochromic shifts of 22−25 nm for absorption and 23−27 nm for emission, induced by the electron-donor 3,5-p-methoxyphenyl groups and the electron-acceptor 8-p-cyanophenyl group (Figure 4 ). On the other hand, the introduction of additional electron-donor and acceptor moieties, as in BODIPY 8, induced greater bathochromic shifts, in the order of 30−34 nm for absorption and 55−60 nm for emission, in comparison with 4 ( Figure 5 ). These results show that the number and electronic nature of substituents on the BODIPY platform induce bathochromic shifts of different extent, and are complemented by the electrochemistry and DFT studies discussed below.
As the polarity of the solvent increases from toluene (E T N = 0.099) to THF (E T N = 0.207) and to acetonitrile (E T N = 0.460), 19 the observed λ max generally decreased for both absorption (6−22 nm) and emission (0−15 nm), along with a gradual decrease in the relative fluorescence quantum yields. The decrease in λ max is probably due to a decrease in the dipole moment of the BODIPY upon excitation, associated with the intramolecular charge transfer (ICT) between the donor and acceptor (μ g > μ e , where μ g and μ e are the ground and excited state dipole moments), indicating that the ground state is better stabilized by the polar solvents. 19, 22 The decreased quantum yield with increased solvent polarity is consistent with previous observations, and is attributed to the increase of nonradiative decay in more polar solvents.
8b,9a,c,d,23 A 2−4 fold decrease in fluorescence quantum yields was observed by comparing BODIPYs 2 to 6a and 6b, 3 to 7, and 4 to 8, which can be attributed to the ICT between donors and acceptors 9b,10 and the internal conversion between narrower band gaps. 24 ICT is known to influence the rate of nonradiative relaxation of fluorophores, resulting in decreased fluorescence quantum yields. 25 Another possible reason for the low fluorescence quantum yields observed for BODIPYs 3 and 7 is the greater freedom of rotation of the small thienyl groups in comparison with phenyl, which increases the energy lost to nonradiative decay. 16 Interestingly, the quantum yield for BODIPY 8 decreased dramatically, 11−48 fold in the different solvents compared with BODIPY 4, which could be due to enhanced ICT resulting from the multiple sets of push−pull moieties in this compound. On the other hand, the Stokes shift increased for all the compounds as the polarity of the solvent increased. Among the different BODIPYs, the Stokes shift for 8 increased the most (19 nm) upon going from toluene to acetonitrile, indicating a large difference in dipole moment between the ground and excited states.
9a,23
Electrochemistry. The electrochemistry of the seven push−pull BODIPYs was investigated in three different solvents, THF, PhCN, and CH 3 CN, with similar results being obtained in all cases. Each BODIPY undergoes two oneelectron reductions and two one-electron oxidations, with the exact potential depending upon the type and location of the electron−donor and/or electron−acceptor group on the molecule. A summary of the measured potentials in PhCN, 0.1 M TBAP is given in Table 2 (the potential data in CH 3 CN and THF are given in Table S1 of the Supporting Information) and examples of cyclic voltammograms are shown in Figure 6 which are arranged according to the HOMO−LUMO gap that varied in magnitude between 2.16 V in the case of BODIPY 2 and 1.79 V in case of BODIPY 7. The HOMO−LUMO gap obtained by cyclic voltammetry decreased after introduction of the push and pull groups into the BODIPY platforms, from 2 to 6a and 6b, from 3 to 7, and from 4 to 8, consistent with the trend of the corresponding maximum absorption and emission wavelengths obtained in the spectroscopic studies (Table 1, Figures 3−5). All BODIPYs were characterized by well-defined redox reactions and an overall mechanism is shown in Scheme 3.
The first one-electron reductions of the push−pull BODIPYs are facile and generate a π-anion radical at E 1/2 values of −0.53 to −0.58 V in the case of compounds 2, 6a, and 6b, −0.64 or −0.68 V in the case of compounds 7 and 8, and −0.72 or −0.77 V in the case of compounds 3 and 4. All of these reductions are substantially easier (occur at more positive potentials) than for reduction of previously synthesized BODIPYs lacking the current set of push−pull substituents. 26 A second one-electron addition is also seen for these BODIPYs. This reduction is assigned to the formation of a BODIPY dianion and occurs at a potential which is located 1.04 or 0.74 V more negative than E 1/2 for the first reduction, as shown in Figure 6 . The second one-electron addition is followed by a rapid chemical reaction for five of the seven investigated BODIPYs but it is reversible and well-defined for 6a and 6b. To the best of our knowledge, these two compounds are the only monomeric BODIPYs reported to undergo two reversible one-electron reductions. 26, 27 The first one-electron oxidation is also reversible for five of the seven investigated BODIPYs, the only exceptions being for compounds 3 and 7 where a rapid chemical reaction followed electron transfer. The initial electrooxidation is assigned as generating a BODIPY π-cation radical and this 
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Article process is followed by a second irreversible oxidation at more positive potentials, as shown in Figure 6 . The nature of the chemical reactions coupled to the electron transfer was not investigated in the current study but are probably associated with radical coupling and dimer formation as previously reported for other BODIPYs. 26 DFT Calculations. To provide further insight into the spectroscopic and electrochemical properties of the push−pull BODIPYs, DFT calculations were conducted and the results are summarized in Figure 7 , and Table S2/ Figure S40 of the Supporting Information. With the installation of the electrondonating (−OMe) and electron-withdrawing (−CN and −CO 2 Bn) groups to, respectively, the 3,5-and 8-para-phenyl positions, the molecular orbital coefficient on the HOMO is shifted to the substituents bearing the electron-donating groups, whereas the molecular orbital coefficient on the LUMO is shifted to the 8-position bearing the electron- 
Scheme 3. Proposed Redox Reaction Mechanisms of BODIPYs
The Journal of Organic Chemistry Article withdrawing group (Figures 7 and S40) . As a result, the overall HOMO−LUMO gap decreases by approximately 0.2 eV after the introduction of the push−pull moieties, from 2 to 6a and 6b, from 3 to 7, and from 4 to 8 (Table S2, Figure 7 ). This trend in the HOMO−LUMO gap (2 > 6a and 6b, 3 > 7, 4 > 8) is consistent with the results obtained from cyclic voltammetry (Table 2) and from the spectroscopic studies (Table 1) .
Studies in Human HEp2 Cells. The concentrationdependent dark and phototoxicity (1.5 J/cm 2 light dose), and the time-dependent cellular uptake of BODIPYs 2, 3, 4, 6a, 6b, 7, and 8 were evaluated in HEp2 cells, and the results are summarized in Table 3 2 ) up to 100 μM concentration. BODIPY 4 was the only compound that showed slight phototoxicity ( Figure S42 of the Supporting Information), but still with IC 50 above 100 μM. These results are in agreement of previous reports on the low cytotoxicity of BODIPYs, in part due to their usually low quantum yields for triplet state formation.
28
The cellular uptake of all BODIPYs generally increased with time as shown in Figure 8 . Among the BODIPYs, 2 and 8 were taken-up faster and more efficiently at all times investigated, particularly in the first 4 h, after which a slower uptake was observed and, in the case of 8, a plateau was reached after 8 h. BODIPYs 3, 4, 6a, and 7 exhibited very low uptake in HEp2 cells, which could be due to their high hydrophobicity and poor water solubility. The higher cellular uptake observed for 6b and 8 compared with the other compounds could be due to the introduction of the polar −OMe and −CN groups which enhances their polarity and water solubility. It is interesting to note that the dichloro-triphenyl-BODIPY 2 accumulated the most within cells after 24 h, whereas the least polar and most hydrophobic pentaphenyl-BODIPY 4 accumulated the least.
Fluorescence microscopy was conducted using HEp2 cells to investigate the main subcellular localization sites of the BODIPYs. The organelle-specific probes used in the overlay experiments are LysoSensor Green (lysosomes), MitoTracker Green (mitochondria), ER Tracker Blue/White (endoplasmic reticulum), and BODIPY Ceramide (Golgi). The results are shown in Figures 9 and 10 for push−pull BODIPYs 6b and 8 that accumulated most efficiently within cells, and in Figures  S43−45 of the Supporting Information for 2, 3, 4, 6a, and 7. All BODIPYs were observed in multiple organelles (see Table S3 of the Supporting Information), the major localization sites are the cell ER, lysosomes, mitochondria, and the Golgi apparatus, in agreement with previously reported studies.
28a,b Figure 7 . DFT calculated frontier orbitals for BODIPY 2, 6a, and 6b (upper) and molecular orbital energies for BODIPYs. The HOMO− LUMO gaps are plotted against a secondary axis and are denoted by red triangles (bottom). 2 >200 >100 1.2 ± 0.10 6a >200 >100 0.14 ± 0.01 6b >200 >100 0.51 ± 0.01 3 >200 >100 0.14 ± 0.01 7 >200 >100 0.12 ± 0.01 4 >200 >100 0.058 ± 0.028 8 >200 >100 0.79 ± 0.13 Figure 8 . Time-dependent uptake of BODIPYs 2 (black), 6a (red), 6b (yellow), 3 (green), 4 (pink), 7 (blue), and 8 (brown) in human HEp2 cells at 10 μM concentration.
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Article ■ CONCLUSIONS A series of push−pull BODIPYs were synthesized in good yields from a single 2,3,5,6,8-penta-chloro-BODIPY (1), via regioselective Suzuki and Stille cross-coupling reactions. The structures of all the compounds were confirmed by HRMS, NMR spectroscopy, and X-ray crystallography. A systematic study was performed before and after installation of electronwithdrawing (at the 8-position and, in one case also at the 2-position), and electron-donating (at the 3,5-, 2,3,5-and 2,3,5,6-positions) groups, to investigate the influence of the push−pull effect on their spectroscopic and electrochemical properties. Bathochromic shifts were observed in both absorbance (up to 37 nm) and emission (up to 60 nm) in solvents with different polarities after the installation of electron-donor and acceptor groups. DFT calculations indicate that the HOMO−LUMO 
Article energy gap decreases with the installation of the push−pull moieties. The trend of the DFT calculated HOMO−LUMO energy was found to be (1) 2 > 6a and 6b; (2) 3 > 7; (3) 4 > 8, which is consistent with the HOMO−LUMO trend observed experimentally from cyclic voltammetry. BODIPY 4 bearing thienyl groups at the 2 and 6 positions exhibits the longest λ max for absorption (635−653 nm) and emission (706−707 nm) and the largest Stokes shift (54−71 nm) in all solvents investigated. On the other hand, the fluorescence quantum yield decreased up to 48-fold after the introduction of the push−pull moieties, probably due to ICT between donor and acceptor, and nonradiative decay. All BODIPYs showed welldefined redox reactions, and no dark cytoxicity (IC 50 > 200 μM) nor phototoxicity (IC 50 > 100 μM, 1.5 J/cm 2 ) in human HEp2 cells. Among the push−pull BODIPYs, compounds 6b and 8 showed the highest cellular uptake. Despite the relatively low fluorescence quantum yields, the push−pull BODIPYs were efficient in cell imaging investigations, and localized in multiple cell organelles, including the ER, Golgi, lysosomes, and mitochondria.
■ EXPERIMENTAL SECTION
Synthesis. All commercial available reagents and solvents were used as received. Reactions were monitored by analytical TLC (precoated, polyester backed, 60 Å, 0.2 mm). Purifications by column chromatography used silica gel (230−400 mesh, 60 Å), and preparative TLC plates.
1 H and 13 C NMR spectra were obtained on the NMR spectrometers (400 or 500 MHz for 1 H NMR and 100 or 125 MHz for 13 C NMR) at 300 K. 11 B NMR spectra were obtained on a NMR spectrometer at 128 MHz, using BF 3 ·OEt 2 as external reference. Chemical shifts (δ) are given in parts per million (ppm) in CDCl 3 (7.27 ppm for 1 H NMR, 77.0 ppm for 13 C NMR) and coupling constants (J) are given in Hz. All high-resolution mass spectra (HRMS) were obtained on a ESI-TOF mass spectrometer. Melting points were measured using a capillary melting point apparatus equipped with a thermometer. Crystal structures were determined using data collected at low temperature (90 K) on a diffractometer equipped with a focusing monochromator for the Mo X-ray beam, a Cu microfocus X-ray source, and an chiller.
General Procedure for Suzuki Cross-Coupling Reactions. The starting BODIPY was added to a 15 mL round-bottomed flask followed by the addition of either 3 mol% of Pd(PPh 3 ) 4 (for 5a, 5b) or Pd(PCy 3 )G2 (for 6a, 6b, and 8). The flask was evacuated and refilled with nitrogen three times, before toluene (4 mL) and 1 M Na 2 CO 3 (aq) (1 mL) were added to the mixture. Boronic acids were added portion-wise, and the reaction mixture was stirred and heated under nitrogen at 90−100°C. The reaction was monitored by analytical TLC every 30−60 min. Water (20 mL) was added to the reaction mixture, and dichloromethane (10 mL × 3) was used for extraction of the organic components. The organic layers were combined, washed with aqueous saturated brine and water, and dried over anhydrous Na 2 SO 4 . The solvent was removed under vacuum, and the resulting residue was purified by column chromatography using dichloromethane/hexanes or ethyl acetate/hexanes as the elution solvents.
2,3,5,6,8-Pentachloro-BODIPY (1). 1 was prepared as previously reported. General Procedure for Stille Cross-Coupling Reactions. The starting BODIPY was added to a 15 mL round-bottomed flask followed by the organotin reagent, 3% mol of Pd(PPh 3 ) 4 (for 2) or Pd(PCy 3 )G2 (for 3, 4, 7). The flask was evacuated and refilled with nitrogen three times. Toluene (5 mL) was added, and the reaction mixture was stirred and heated at 90−100°C under nitrogen. Analytical TLC was used to monitor the reaction every 30−60 min. After completion, toluene was removed under vacuum, and the resulting residue was purified by column chromatography using dichloromethane/hexanes or ethyl acetate/hexanes as the elution solvents.
3,5,8-Triphenyl-2,6-dichloro-BODIPY (2). This BODIPY was prepared from 1 (10.5 mg, 0.0288 mmol) and 10 eq of tributylphenylstannane (106 mg, 0.288 mmol), yielding 8.6 mg, 61% of BODIPY (2) + . 8-(4-Cyanophenyl)-3,5-di(4-methoxyphenyl)-2,6-dithienyl-BODI-PY (7). This BODIPY was prepared from 6b (9.6 mg, 0.0167 mmol) and 10 eq of 2- (tributylstannyl) + . Crystallography. Crystal structures were determined using data collected at T = 90 K on a diffractometer. Mo Kα radiation was used for 2, 4, 5a, 6a, and 6b, while Cu Kα was used for 7 and 8. Compound 5a exhibited a small amount (ca. 10%) of rotational disorder which was evident from partially populated secondary sites for all the Cl atoms. Compound 6a was a twin and has two molecules in the asymmetric unit. Compound 7 had both thiophenes disordered into two orientations, with relative occupations 70:30 and 80:20. It also had disordered solvent, which was removed using the SQUEEZE procedure. Compound 8 had one methoxy group disordered into 54:46 orientations and also had disordered solvent removed by SQUEEZE. Crystal Data: 2, C 27 H 17 BCl 2 F 2 N 2 , monoclinic, a = 15.5375 (10) Spectroscopic Studies. All UV−visible and fluorescence spectra were collected on a UV spectrometer and a luminescence spectrometer at 298 K, respectively. A 10 mm path length quartz cuvette and spectroscopic solvents were used for all the measurements. Molar absorption coefficients (ε) were determined from the slope of absorbance vs concentration of five dilute solutions with absorbance in the range of 0.2−1.0. Fluorescence quantum yields (Φ f ) were determined by using a series of dilute solutions with absorbance in the range of 0.02−0.06 at a particular excitation wavelength. Cresyl violet perchlorate (0.55 in methanol) and methylene blue (0.03 in methanol) were used as external standards for BODIPYs 2, 6a, 6b, 4 and 3, 7, 8, respectively. The relative fluorescence quantum yields (Φ f ) were determined using the following eq 1,
where Φ represent the fluorescence quantum yields, η represent the refractive indexes of solvents; Grad represent the gradient from the plot of integrated fluorescence intensity vs absorbance at λ ex ; subscripts X and R represent the tested sample and standard sample, respectively. DFT Calculations. The DFT calculations were carried out using the Gaussian 09 software package. The ground state geometries of the BODIPYs were optimized by the DFT method with the B3LYP functional and 6-31G(d) basis sets. 29 Cyclic Voltammetry. Cyclic voltammetry was carried out using a potentiostat coupled to an Universal Programmer. Current−voltage curves were recorded on an X-Y recorder. A homemade threeelectrode cell was used for cyclic voltammetric measurements and consisted of a glassy carbon working electrode, a platinum counter electrode, and a homemade saturated calomel reference electrode (SCE). The SCE was separated from the bulk of the solution by a fritted bridge of low porosity, which contained the solvent/supporting electrolyte mixture. Benzonitrile (PhCN, reagentPlus, 99%) for electrochemistry was freshly distilled over P 2 O 5 before use.
Cell Studies. The cell studies were conducted by adapting reported procedures.
28b All cell culture media and reagents were used as received. The human HEp2 cells were maintained in a 50:50 mixture of DMEM:AMEM supplemented with 5% FBS and 1% penicillin/ streptomycin antibiotic. The cells were subcultured twice weekly to maintain subconfluent stocks.
Dark Cytotoxicity. The HEp2 cells were plated at 7500 cells per well in a 96-well plate and allowed to grow for 48 h. Stock solutions of the BODIPYs (32 mM) were prepared in 100% DMSO and diluted into final working concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 μM). The cells were exposed to the working solutions of compounds up to 200 μM and incubated overnight (37°C, 95% humidity, 5% CO 2 ). The working solution was removed, and the cells were washed with 1X PBS. The medium containing 20% CellTiter Blue was added and incubated for 4 h. The viability of cells is measured by reading the fluorescence of the medium at 570/615 nm using a microplate reader. In this assay, the indicator dye resazurin is reduced to fluorescent resorufin in viable cells, while nonviable cells are not able to reduce resazurin nor to generate a fluorescent signal. The fluorescence signal of viable (untreated) cells was normalized to 100% and nonviable (treated with 0.2% saponin) cells was normalized to 0%.
Phototoxicity. The human HEp2 cells were prepared as described above and incubated with compound concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 0 μM for 24 h. The loading solution was removed and the cells were washed with 1 X PBS, and then refilled with fresh medium. The cells were exposed to a 600 W halogen lamp
The Journal of Organic Chemistry Article light source filtered with a water filter (transmits radiation 250−950 nm) and a beam turning mirror with 200 nm to 30 μm spectral range, for 20 min. The total light dose provided was approximately 1.5 J/cm 2 . After light exposure, the cells were stored in the incubator for 24 h and assayed for cell viability as described above.
Time-Dependent Cellular Uptake. Human HEp2 cells were prepared as described above. The cells were exposed to 10 μM of each compound solution for 0, 1, 2, 4, 8, and 24 h. The loading medium was removed at the end of each incubation period and the cells were washed with 1X PBS, and solubilized by adding 0.25% Triton X-100 in 1X PBS. Each compound solution was diluted to 10, 5, 2.5, 1.25, 0.625, and 0.3125 μM concentrations using 0.25% Triton X-100 in 1X PBS for standard curve. A cell standard curve was prepared using 10 4 , 2 × 10 4 , 4× 10 4 , 6 × 10 4 , 8 × 10 4 , and 10 5 cells per well. The cell number was quantified using a CyQuant Cell Proliferation Assay. The compound concentration in cells at each time period was determined using a microplate reader at 485/590 nm. Cellular uptake is expressed in terms of compound concentration (nM) per cell.
Microscopy. Human HEp2 cells were cultured in a 6-well plate and allowed to grow in the incubator (37°C, 95% humidity, 5% CO 2 ) for 24 h. The cells were exposed to 10 μM of each BODIPY in medium and incubated for 6 h (37°C, 95% humidity, 5% CO 2 ), followed by the addition of organelle tracers (50 nM LysoSensor Green, 250 nM MitoTracker Green, 100 nM ER Tracker Blue/White, and 50 nM BODIPY FL C5 Ceramide) and incubated for 30 min. The cells were washed with PBS three times before imaging. The images were obtained by an upright microscopy with a water immersion objective and DAPI, GFP, and Texas Red filter cubes.
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